Medium spiny striatal projection neurons (MSNs) release opioid neuropeptides, but the role of these neurotransmitters is still poorly understood. While presynaptic inhibition of corticostriatal axons by opioid receptors has been demonstrated using exogenous ligands, the action of synaptically released opioids in the striatum has not been investigated. We performed single and paired whole-cell recordings from rat MSNs while corticostriatal fibers were electrically activated. In single recording experiments, we also activated antidromically the axons of a population of MSNs. Corticostriatal fibers were stimulated once every 10 s and every other stimulation was preceded by 5 antidromic spikes (at 100 Hz). This burst of antidromic spikes produced robust inhibition of evoked corticostriatal responses. This inhibition was not affected by the ␦-opioid receptor antagonist SDM25N, but was completely abolished by the -opioid receptor antagonist CTOP. Inhibitory effects were maximal (on average 29.6 Ϯ 11.4%) when the burst preceded the corticostriatal stimulation by 500 ms and became undetectable for intervals Ͼ2 s. Paired recordings from MSNs located Ͻ100 m apart revealed that, in 30 of 56 (54%) pairs, a burst of five action potentials in one of the MSNs caused significant inhibition (17.1 Ϯ 5.7%) of evoked glutamatergic responses in the other MSN. In 5 of these pairs, reciprocal inhibition of corticostriatal inputs was present. These effects were maximal 500 ms after the burst and were completely blocked by CTOP. Thus, these results reveal a novel, strong opioid-mediated communication between MSNs and provide a new cellular substrate for competitive dynamics in the striatum.
Introduction
The striatum is the largest nucleus of the basal ganglia and is crucially involved in motor control, reinforcement learning, and action selection (Alexander and Crutcher, 1990; Graybiel et al., 1994; Redgrave and Gurney, 2006; Wickens et al., 2007b) . Striatal neurons receive massive glutamatergic inputs from the cerebral cortex; this excitatory input is processed by a complex local network that converts it into a GABAergic inhibitory output directed to other basal ganglia nuclei. Striatal projection neurons are medium-sized spiny cells (MSNs) and make up ϳ95% of the striatal neuronal population (Graveland and DiFiglia, 1985) . Their axon collaterals form a dense local network in the striatum, where they form symmetric synapses with other MSNs; these synapses are primarily found near or on the shaft of dendritic spines that receive glutamatergic inputs, suggesting that they exert control over these excitatory signals (Wilson and Groves, 1980; Bolam and Izzo, 1988; Boyes and Bolam, 2007) . Paired recording experiments have shown that GABAergic synapses between neighboring MSNs are functional (Tunstall et al., 2002; Koos et al., 2004; Shindou et al., 2008) . In addition to GABA, striatonigral MSNs express substance P and dynorphin, while striatopallidal MSNs express enkephalin (Gerfen, 1992; Wang et al., 2006; Gertler et al., 2008) . The function of these neuropeptides is less understood than that of GABA. Postsynaptic responses elicited in an MSN by action potentials in another MSN are fully abolished by GABA A receptor antagonists, suggesting that MSN-released neuropeptides do not mediate direct communication between MSNs (Tunstall et al., 2002; Tepper et al., 2008) . Another potential role for these transmitters is modulation of cortical inputs. Using paired recordings and stimulation of corticostriatal fibers, we have recently shown that substance P released by MSNs strongly facilitates cortical glutamatergic inputs onto neighboring MSNs (Blomeley and Bracci, 2008; ). The ability of opioid neuropeptides released by MSNs to modulate cortical inputs has not been tested. Immunohistological experiments have shown that -and ␦-opioid receptors (MORs and DORs, respectively) are expressed throughout the striatum, although MORs are more densely expressed in the striatal patches (Miura et al., 2007) . Presynaptic MORs and DORs are both present on glutamatergic terminals in the striatum Pickel, 1998, 2001) . Electrophysiological studies of opioids in the striatum were first performed by Jiang and North (1992) , who showed that exogenous MOR and DOR agonists inhibit glutamatergic inputs to MSNs acting presynaptically. Further studies revealed that MOR activation inhibits corticostriatal responses to similar degrees in patch and matrix (Miura et al., 2007 ). Here, we tested the hypothesis that endogenous opioids released by MSNs inhibit the glutamatergic responses of neighboring MSNs, using an experimental approach similar to that used to investigate the effects of MSN-released substance P ). This protocol has the advantage of providing information on the extent and time single CC stimuli were continuously delivered every 10 s. Every other CC stimulation was preceded by a burst of GP five stimuli delivered at 100 Hz. The interval between the first GP stimulus and the CC stimulus was varied between 0.5 and 3 s. After each experiment, CC-evoked responses preceded or not preceded by GP stimuli were grouped for statistical analysis. This protocol in which the two conditions alternated every 10 s was used to prevent any subtle time-dependent change in EPSP amplitude from affecting the results. However, we continuously monitored the quality of the MSN recordings, and only the experiments in which the membrane potential and the input resistance did not change by Ͼ5% during the whole experiment were accepted for analysis. A large number of observations were required because CC-evoked responses are intrinsically rather variable (typical coefficient of variation of evoked EPSP amplitude being Ͼ20%).
In some experiments we tested two different intervals (again defined as the temporal distance between the first GP stimulus and the CC stimulus). In these experiments, single CC stimuli were still delivered continuously every 10 s and were preceded (sequentially) by: no GP stimulation, GP stimulation at interval 1, GP stimulation at interval 2. Evoked responses for each condition were then grouped and compared statistically.
Spike-evoked response sequences. In paired recordings the two simultaneously recorded MSNs were arbitrarily named MSN1 and MSN2. Spikes were elicited in MSNs under current-clamp conditions by using short (3 ms) but relatively large (1.0 -1.3 nA) current injections, separated by 10 ms intervals. This procedure allowed us to trigger bursts of spikes repetitively with high temporal precision . In these experiments, a single glutamatergic response was evoked every 10 s by stimulating the corticostriatal fibers. Each CC stimulus was sequentially preceded by (1) no spikes in MSN1 or MSN2 (control); (2) a burst of spikes in MSN1; (3) a burst of spikes in MSN2. This three-step sequence is illustrated below in Figure 6 and was repeated, without interruptions, 80 -200 times for each pharmacological condition in each experiment. After an experiment, data for each condition (1, 2, or 3) were grouped for each pharmacological condition for statistical analysis. As Figure 1 . Experimental configuration used to investigate the effects of antidromic MSN activation on corticostriatal responses. A, Typical positioning of the patch and stimulating electrodes used to elicit orthodromic activation of corticostriatal fibers and antidromic activation of MSN axons in sagittal slices. Corticostriatal fibers were stimulated with an electrode placed in the CC, between the cortex and the striatum (str). MSN axons were stimulated with an electrode placed in the GP. B, Graphical illustration of the protocol used to investigate the effects of antidromic stimulation of a population of MSNs on the glutamatergic responses of the recorded MSN. For clarity, time is not to scale, as the intervals between single stimuli to corticostriatal fibers (10 s) have been compressed. Single CC stimuli (delivered every 10 s) were sequentially preceded by: (1) no GP stimuli; (2) five GP stimuli; this two-step cycle was continuously repeated in each pharmacological condition.
for the single recording experiments, the continuous repetition of the three protocols ensured that any subtle time-dependent change would affect each condition equally. However, we continuously monitored the quality of the MSN recordings, and only the experiments in which the membrane potential and the input resistance of both cells did not change by Ͼ5% during the whole experiment were accepted for analysis. The interval between the spikes in one MSN and the glutamatergic response of the other cell was measured from the start of the current injection that elicited the first spike of a burst to the time of the CC stimulation.
Statistical analysis. Values are expressed as mean Ϯ SD, and statistical comparisons between two groups were made using MannWhitney test for unpaired data. We chose this nonparametric test as no assumption is needed about normality of data distribution. Statistical comparison of three groups of data was performed with Kruskal-Wallis test. Two populations of data points were considered to be significantly different if p Ͻ 0.05. Statistical tests and cumulative frequency plots were implemented with OriginPro8 (OriginLab) and MATLAB software (The MathWorks).
Results
In total, 195 MSNs were used for this study. MSNs were identified by their distinctive electrophysiological properties (Kita et al., 1984; Nisenbaum et al., 1994) as in previous studies (Blomeley and Bracci, 2008; ). These properties included resting membrane potentials more negative than Ϫ75 mV, strong inward rectification and delayed firing in response to depolarizing steps. The average resting membrane potential was 78 Ϯ 5 mV and the average input resistance was 284 Ϯ 54 M⍀.
To pharmacologically isolate evoked glutamatergic responses all the experiments were performed in the presence of GABA A receptor antagonists; furthermore, to limit the activation of other types of presynaptic receptors, the experiments were also performed in the presence of GABA B , NK1, dopamine (D 1 and D 2 ), nicotinic, and muscarinic receptor antagonists (see Materials and Methods for details). Direct GABAergic connections between MSNs were pharmacologically blocked, and therefore could not be observed in these experiments.
Antidromic action potentials in MSNs depress corticostriatal responses
In parasagittal brain slices, stimulations delivered in the GP trigger antidromic spikes in a large population of MSNs, as the axons of both striatonigral and striatopallidal neurons pass through, or terminate in, this region (Guzmán et al., 2003; ). Such antidromic spikes will invade axon collaterals in the striatum and trigger release of neurotransmitters. Therefore, we used GP stimulation to elicit synchronized release of opioids from MSN axon collaterals while recording from a single MSN, while CC stimulation was used to activate corticostriatal afferents (see Materials and Methods and Fig. 1 for details of the stimulation protocol). All recorded MSNs were Ͼ500 m from either stimulating electrode. The intensity of the GP stimulation was adjusted to ϳ50% of the minimum intensity required to elicit antidromic spikes in the recorded MSN; this was chosen as a trade-off between the need to activate a large number of MSNs, and that to avoid antidromic spikes in the recorded MSN (which would have complicated the interpretation of the results). A relatively low intensity of stimulation was also important to limit the extent of the glutamatergic responses which were evoked in MSNs by GP stimulation, presumably as a result of antidromic activation of corticostriatal fibers directed toward the brainstem (Kincaid and Wilson, 1996) , and orthodromic and/or antidromic activation of thalamostriatal fibers (Wilson et al., 1983) . These GP-evoked EPSPs were not of interest in this study, but they could not be blocked as the integrity of glutamatergic signaling was essential in these experiments. The presence of GP-evoked EPSPs limited our ability to investigate the effects of GP stimuli on corticostriatal response evoked at intervals Ͻ500 ms from the first GP stimulus . However, such intervals were investigated with paired recordings (as described below).
At 500 ms intervals, preceding GP stimulations significantly (p Ͻ 0.05) depressed the amplitude of CC-evoked responses in all MSNs tested (27 of 27). On average, the amplitude of CC-evoked EPSPs preceded by GP stimuli was 70.4 Ϯ 11.4% of control (i.e., responses not preceded by GP stimuli). Examples of this phenomenon are shown in Figures 2 and 3 .
Exogenous agonists for MORs and DORs [but not for -opioid receptor (KOR)] decrease the amplitude of evoked glu- tamatergic responses in MSNs (Jiang and North, 1992) . Therefore, we investigated whether the depression of corticostriatal responses induced by preceding GP stimuli was affected by DOR and MOR selective antagonists. In a series of experiments in which significant effects were observed in control solution, we applied sequentially the DOR antagonist SDM25N (500 nM) and the MOR antagonist CTOP (1 M) and repeated the stimulation procedure in the presence of these drugs. At least 80 CC stimuli were delivered in each pharmacological condition.
Typical results of these experiments are illustrated in Figure 2 (in which average responses are presented for each condition). In the presence of SDM25N, the GP stimulation-induced depression of CC-evoked responses persisted. In fact, in 6 of 6 cases, this depression was not significantly different in control solution (22.7 Ϯ 3.4%) and in the presence of SDM25N (21.8 Ϯ 2.2%). Conversely, subsequent application of CTOP (still in the presence of SDM25N) fully blocked the GP stimulation-induced depression of CC-evoked responses in all cases.
In another 27 experiments, in which significant (p Ͻ 0.05) depression was observed in control solution, we applied CTOP in the absence of SDM25N. In all cases, CTOP fully blocked the inhibitory effects of GP stimulation on CC-evoked responses; a representative example of these experiments is illustrated in Figure 3 . Figure 3A shows the average responses before and after CTOP application, while Figure 3B shows the cumulative distribution of CCevoked EPSP amplitudes for the experiments of Figure 3A before (left) and after (right) application of CTOP. In control solution, preceding GP stimuli caused a large leftward shift in the amplitude distribution, which corresponded to a significant (p Ͻ 0.001) reduction. Conversely, in the presence of the MOR antagonist, the amplitude distributions for the response preceded or not preceded by GP stimuli were similar, and the average responses were not significantly different. The overall distribution of the effects of preceding GP stimuli on the amplitude of CCevoked EPSPs across the MSNs tested is illustrated in Figure 3C . In control solution, inhibitory effects spanned between 15% and 45%, while in the presence of CTOP the effects are nonsignificant and distributed around zero. We concluded from these pharmacological experiments that the depression of glutamatergic responses caused by preceding GP stimulation was entirely due to the activation of MORs (presumably by enkephalin released from MSN terminals) and that DORs did not play a significant role in this phenomenon.
Application of MOR agonists depresses glutamatergic responses of MSNs (Jiang and North, 1992; Miura et al., 2007) . We therefore compared the effects of endogenously released opioids with those induced by application of DAMGO (1 M), a selective MOR agonist. In 6 experiments, the effects of preceding GP stimulation on CC-evoked EPSP were observed in MSNs in control solution and, subsequently, in the presence of DAMGO. In all cases, preceding GP stimuli caused significant (p Ͻ 0.005) depression of CC-evoked responses (16.1 Ϯ 4.5%), similar to the experiments described above. Application of DAMGO caused a significant depression of CC-evoked EPSPs (not preceded by GP stimuli) in all cases (on average, by 19.4 Ϯ 3.9%); furthermore, in the presence of DAMGO the depressing effects of preceding GP stimuli on CCevoked EPSPs were completely absent in all cases. A representative example of these experiments is shown in Figure 4 A. In 2 of 6 MSNs, the effects of DAMGO on CC-evoked EPSPs were significantly (p Ͻ 0.001) larger than those caused (in the absence of DAMGO) by preceding GP stimuli. In the remaining 4 of 6 cases, the effects of DAMGO on were not significantly different from those of preceding GP stimuli.
Endocannabinoids play an important role in the control of glutamatergic inputs to MSNs (Lovinger, 2010 ). Therefore, we tested whether the present phenomenon depended on the activation of CB1 receptors. In 5 experiments in which preceding GP stimuli caused significant depression (20.5 Ϯ 2.8%) of CCevoked EPSPs in MSNs in control solution, subsequent application of the selective CB1 receptor antagonist AM251 (3 M) failed In the absence of CTOP, preceding GP stimulation causes a substantial leftward shift of the cumulative distribution of EPSP amplitude. These effects are abolished by CTOP. C, Histogram illustrating the overall distribution of the inhibitory effects of five preceding GP stimuli on CC-evoked responses (500 ms interval) before (white columns) and after (black columns) application of CTOP. Data are from 27 experiments in which significant effects were observed before CTOP application. In each case these effects were abolished by CTOP.
to affect significantly either the amplitude of the CC-evoked responses or the depressing effects caused by preceding GP stimuli. A representative example of these experiments is shown in Figure 4B . We concluded that the depression of CC-evoked EPSP caused by preceding antidromic activation of MSNs did not depend on the activation of CB1 receptors. We then investigated how these inhibitory effects mediated by MORs depended on the temporal distance between GP stimulation and activation of corticostriatal fibers. To do this, it was essential to compare different GP-CC stimulation intervals in the same experiment. Given the nature of these experiments, which require a large number of trials for each condition, we tested only two intervals in the same experiment (see Materials and Methods for details of the procedure). As a reference interval, 500 ms was used and compared with intervals of 1, 2 or 3 s. An example of these experiments is shown in Figure 5 , A and B. In this case intervals of 500 ms and 2 s were tested. In control solution, a significant (p Ͻ 0.001) reduction in CC-evoked EPSPs was observed when GP stimuli preceded the CC stimuli by 500 ms, but not by 2 s. These effects are quantified by the cumulative distribution of CC-evoked EPSP amplitudes in Figure  5B , where a large leftward shift is present at 500 ms but not at 2 s intervals. Subsequent application of CTOP fully blocked the inhibitory effects of GP stimulation at 500 ms intervals (Fig. 5 A, B) . In a series of similar experiments, in which significant (p Ͻ 0.001) depression was present at 500 ms intervals, we found that significant (p Ͻ 0.05) depression was also found at 1 s intervals in 4 of 13 cases, but not at 2 s (n ϭ 8) or 3 s (n ϭ 6). In all cases, these effects were blocked by subsequent application of CTOP. The average depression of CC-evoked responses as a function of the interval between GP and CC stimulation for 500, 1000, 2000, and 3000 ms in all MSNs tested is presented in Figure 5D . This plot shows that after a burst of GP stimuli there is an approximately exponential decay of the inhibitory effects, which are maximal at the shortest interval tested (500 ms), are reduced by approximately one third after 1 s and vanish at 2 s.
Action potentials in a single MSN reduce glutamatergic responses in neighboring MSNs
The experiments performed with antidromic stimulation of MSN axons in the GP did not allow us to control the number of MSNs activated antidromically and causing inhibition of EPSPs. Can action potentials in single MSN exert inhibitory effects on corticostriatal inputs? To address this issue, we performed paired recordings from MSNs located Ͻ100 m apart in sagittal brain slices. All recorded cells were Ͼ500 m from the stimulating electrode placed in the CC. The typical positioning of the recording and stimulating electrodes is shown in Figure 6 A. In these experiments, a single CC stimulation was continuously delivered every 10 s; these CC stimuli were sequentially preceded by: (1) no spikes in MSN1 or MSN2; (2) a burst of five spikes in MSN1; (3) a burst of 5 spikes in MSN2. This protocol is illustrated in Figure  6 B and described in detail in the Materials and Methods. Each spike was elicited in a temporally precise fashion using 3 ms current steps ). The interval was defined as the temporal distance between the first spike in a MSN and the CC stimulus. We performed 56 paired recording experiments; the interval between the spikes triggered in one of the cells and the stimulation of corticostriatal fibers was 500 ms for both MSNs. In 30 of 56 pairs (54%), spikes in one of the two MSNs caused a significant (p Ͻ 0.05 or p Ͻ 0.001) decrease in the responses of the other MSNs; in the remaining 26 pairs, the presence of preceding spikes in either MSN did not significantly affect the evoked responses of the other MSN. MSN spikes did not cause significant facilitation of the evoked responses in any of the experiments. In 5 of 56 pairs, the inhibitory effects were bidirectional (i.e., each MSN depressed the evoked responses of the other MSN). A representative example of these bidirectional interactions is shown in Figure 7 ; average recordings for the three protocols described above are shown for each MSN, with average CC responses in the presence or absence of spikes in the other MSN are enlarged on the right. The inhibitory effects of MSN spikes were completely abolished by subsequent application of CTOP (Fig. 7B) . Consistently, the cumulative distribution of evoked EPSP amplitudes for each MSN shows a large leftward shift when CC stimuli were preceded by spikes in the other MSN in control solution, but not in the presence of CTOP (Fig. 7C,D) .
On average, when significant effects were observed, the reduction of CC-evoked EPSPs caused by MSN spikes was 17.1 Ϯ 5.7%. In all cases in which significant effects of MSN spikes on CCevoked EPSPs were observed, these effects were abolished in the presence of CTOP.
In a different series of experiments, we used a similar protocol to investigate how MSN spike-induced effects depended on the temporal distance from the evoked EPSP. As in the case of GP-stimulation experiments, it was only possible to test two intervals in a given paired-recording experiment. Therefore, in each experiment, CC single stimuli were sequentially preceded by: (1) no spikes; (2) a burst of five spikes in MSN1 at interval 1; (3) a burst of five spikes in MSN2 at interval 1; (4) a burst of five spikes in MSN1 at interval 2; (5) a burst of five spikes in MSN2 at interval 2. As in the GP stimulation experiments, 500 ms was used as a reference interval and alternated with either 250 ms or 1 s intervals.
In 10 of 10 MSN pairs in which significant (p Ͻ 0.001) effects were observed at 500 ms intervals (in one direction), no significant effects were observed at 250 ms intervals. A representative example of this finding is presented in Figure 8 A. In another series of experiments, out of 18 pairs in which significant (p Ͻ 0.05) depression was present at 500 ms intervals (in one direction), significant depression was also observed for 1000 ms intervals in 3 cases. In the remaining 15 cases, no significant effects on CC-evoked EPSPs were present at 1000 ms intervals. An example Figure 5. Depression of corticostriatal responses induced by GP stimulation is maximal after 500 ms. A, In this representative experiment, a single CC stimulus was delivered every 10 s. These CC stimuli were sequentially preceded by: (1) no GP stimulation; (2) five GP stimuli preceding CC stimulation by 500 ms; and (3) five GP stimuli preceding CC stimulation by 2 s. Traces are averages of 90 consecutive trials for each protocol. GP stimuli significantly (p Ͻ 0.001) inhibited CC-evoked responses at 500 ms, but not at 2 s intervals. B, Cumulative distribution of CC-evoked EPSP amplitude for the MSN in A, in the absence (black line) or presence of preceding GP stimuli (solid gray line: 500 ms interval; dashed gray line: 2 s interval), before and after application of CTOP. In the absence of CTOP, preceding GP stimuli caused a substantial leftward shift of the cumulative distribution of EPSP amplitude at 500 ms, but not 2 s, interval. These effects were abolished by CTOP. C, In 27 different experiments, 500 ms intervals were compared with a different interval (1, 2, or 3 s). For each experiment, data points representing average depression observed for the two intervals tested are connected by a line. In all cases, larger effects were observed at 500 ms then at the other interval tested. D, Average effects of GP stimulation on CC-evoked responses as a function of the interval preceding CC stimulation. Data from all experiments in which significant effects were found for at least one interval are included. Effects are maximal at 500 ms, and decay in an approximately exponential fashion. of these results is illustrated in Figure 8 B. Subsequent bathapplication of CTOP completely abolished these effects in all cases.
The overall picture emerging from these experiments is illustrated in Figure 9 , which reports the results of individual experiments, as well as average results for each interval. This shows that the inhibitory effects of a burst of spikes in a single MSN on the cortical responses of another MSN are present in a limited and well defined time window, being undetectable after 250 ms, peaking around 500 ms and being substantially reduced, or absent, after 1 s.
Corticostriatal responses differ in presynaptic and postsynaptic MSNs involved in opioid-mediated communication
Recent studies using BAC transgenic mice expressing GFP in D 1 or D 2 dopamine receptor-expressing MSNs have revealed that the corticostriatal EPSPs of striatopallidal MSNs have a significantly faster time course than those of striatonigral MSNs (Flores-Barrera et al., 2010) . To gain insight into the identity of the MSNs involved in opioid-mediated communication, we tested whether the MSNs causing these effects through their action potentials (referred to as presynaptic MSNs) differed in these features from those receiving the inhibitory effects (referred to as postsynaptic MSNs). Overall, in pairs with significant interactions, the CC-evoked EPSPs observed in presynaptic and postsynaptic MSNs did not differ significantly in their amplitude; however, we noticed that in some of the experiments the timeto-peak and the half-width of evoked EPSP were larger in the postsynaptic MSNs; in the other experiments similar values were observed in presynaptic and postsynaptic MSNs. Two examples of these different situations are illustrated in Figure 10 A, while paired (pre-post) comparisons for individual experiments are presented in Figure 10C . When responses from all presynaptic and postsynaptic neurons were grouped, significant differences were found for EPSP half-widths (33.6 Ϯ 6.3 ms for presynaptic MSNs and 49.6 Ϯ 23.1 ms for postsynaptic MSNs; p Ͻ 0.001) and time-to-peak of the glutamatergic responses (14.4 Ϯ 3.1 ms in presynaptic MSNs and 17.9 Ϯ 3.8 ms in postsynaptic MSNs; p Ͻ 0.05), as shown in Figure 10 B. These results suggested that the presynaptic MSNs belonged to the striatopallidal subpopulation while the postsynaptic MSNs were a mixture of striatopallidal and striatonigral cells. Consistent with this notion, the distribution of EPSP half-width and time-to-peak had a wider extent for the postsynaptic than presynaptic MSNs (Fig. 10 D) .
Discussion
The present experiments have revealed a novel form of opioidmediated communication between striatal projection neurons. These cells were shown to inhibit the corticostriatal inputs to neighboring neurons acting through MORs, but not DORs. Using experimental protocols in which the effects of endogenous, spike-released opiates can be observed, we were able to characterize quantitatively both the extent and the time course of these interactions. Previous experiments with exogenous agonists showed that both MOR and DOR (but not KOR) agonists suppress glutamatergic responses in MSNs, acting at a presynaptic level (Jiang and North, 1992) . However, in the present experiments, the inhibition of glutamatergic inputs caused by MSN spikes was not affected by DOR antagonists. This suggests that DORs, while present and functional on glutamatergic terminals, are not easily reached by synaptically released peptides, possibly as a result of a more distal location from MSN terminals. On the other hand, the effects mediated by MORs in our experiments are likely to share the same presynaptic mechanism activated in the experiments by Jiang and North (1992) by exogenous MOR agonists. Consistent with this notion, the depressing effects of antidromic spikes in MSNs were mimicked and occluded by the MOR agonist DAMGO. Interestingly, in most cases the depression of evoked EPSP caused by a saturating concentration of DAMGO was not larger than that caused by antidromic MSN activation in the absence of DAMGO. In these experiments the intensity of GP stimulation was far from maximal and was set to activate ϳ50% of MSNs whose axons were in reach of the stimulator. It is likely that DAMGO desensitized MORs, as previously described in this system (Barral et al., 2003) . Alternatively, the opioids released by MSNs may have saturated the MORs controlling the glutamatergic terminals activated by CC stimulation.
The differences between the effects of endogenous and exogenous ligands are instructive and suggest that caution should be exercised when interpreting the effects of exogenous agonists. The protocols developed by our group have allowed us to study presynaptic interactions between striatal neurons mediated by endogenous neurotransmitters (Pakhotin and Bracci, 2007; . One methodological challenge in this kind of experiments is that the corticostriatal responses have an elevated degree of intrinsic variability. Typically, the amplitude of the EPSPs evoked at 0.1 Hz in healthy MSNs has a coefficient of variation (SD/average) of 10 -20%. This is of the same order of magnitude as the endogenous presynaptic modulation. It is therefore necessary to repeat the stimulation protocol many times to reveal statistically significant effects. One side-effect of these long experiments is that their duration makes the reconstruction of neurons injected with biocytin or neurobiotin very difficult (this procedure only succeeded when whole-cell recordings were Ͻ45 min long). Another methodological issue concerns the identity of the fibers activated by CC stimulation. While it is reasonable to assume that these fibers were mostly corticostriatal axons, it is likely that some thalamostriatal axons have been stimulated as well (Smeal et al., 2007) . Further studies will be required to establish whether MOR-mediated inhibition is differentially distributed in these two excitatory inputs to the striatum.
Paired recording experiments revealed important features of presynaptic inhibition between MSNs. In terms of connectivity, this form of communication appears to be rather prominent when compared with other MSN-MSN interactions. Communication in at least one direction was found here in 30 of 56 (54%) of pairs. Koos et al. (2004) found that 12% of pairs of MSNs (tested unidirectionally) were connected by a GABAergic synapse (corresponding to 22.5% of pairs estimated to be connected in at least one direction); we previously found NK1 receptor-mediated facilitation of glutamate inputs (in at least one direction) in 23% of MSN pairs .
The magnitude of the depressing effects of spikes in single MSNs was on average 58% of that observed with antidromic activation of a population of MSNs. However, the effects of a single MSN firing may have been overestimated due to a possible statistical bias. In fact, the effects caused by firing in a single MSN were averaged only for pairs in which significant effects were observed. Given the intrinsic variability of evoked EPSPs in MSNs, and the finite number of trials that can be performed in an experiment, it is possible that some pairs in which weak effects were present did not reach the significance threshold and were therefore not included in the averages.
MORs are activated with high affinity by enkephalin (Wee and Koob, 2010) ; it is therefore most likely that inhibition of corticostriatal inputs was caused by striatopallidal MSNs, which express this neuropeptide (in addition to GABA and D 2 dopamine receptors; Gerfen, 1992) . On the other hand, it is unlikely that striatonigral MSNs (that express dynorphin, GABA, substance P and D 1 dopamine receptors; Gerfen, 1992) caused these interactions 250 ms 500 ms 1000 ms Figure 9 . Depression of corticostriatal responses is maximal 500 ms after a burst of spikes. A, Data were collected from paired recording experiment in which significant effects were present in at least one direction at 500 ms and another interval (either 250 or 1000 ms) was tested. Data points representing average depression of CC-evoked responses for two intervals in the same experiment are connected by a line. At 250 ms intervals, significant depression was never present. In 3 of 18 experiments there was significant (p Ͻ 0.05) depression at 1000 ms, although this was always smaller than at 500 ms. B, Average inhibitory effects at 250, 500 and 1000 ms intervals for the experiments of A.
by releasing dynorphin, given the marked preference of this opioid for KORs (Wee and Koob, 2010) . Action potentials in striatopallidal MSNs are expected to invade local axon collaterals and release enkephalin, which is found in presynaptic terminals forming synaptic contacts on MSN dendrites (Yung et al., 1996) . Our results suggest that enkephalin diffused in the extracellular space and bound presynaptic receptors on corticostriatal terminals; cortical synapses are mostly located on MSN dendritic spines, close to GABAergic synapses (Boyes and Bolam, 2007) . Alternatively, activation of MORs may trigger the release of another neurotransmitter responsible for the depression of glutamate responses. For instance, the involvement of endocannabinoids in this phenomenon was a plausible hypothesis, given their ability to depress corticostriatal synapses with relatively fast time course acting on CB1 receptors (Lovinger, 2010) . However, our experiments with a CB1 receptor antagonist clearly showed that MOR-dependent depression of glutamatergic responses did not require the activation of these receptors. An interesting issue is raised by the observation that MSNs retained their ability to depress glutamatergic inputs when they were activated every 10 s for long periods. Thus, these cells must be able to replenish effectively the neuropeptides released during this relatively frequent activity. Further experiments will be required to determine whether this is accomplished trough active axonal transport or simply by a large reserve of releasable neuropeptide.
Which MSNs were the targets of MORmediated depression of cortical inputs? In single whole-cell recording experiments, MOR-dependent inhibitory effects were observed in 27 of 27 MSNs. This observation strongly suggests that corticostriatal inputs to both striatopallidal and striatonigral MSNs were inhibited by endogenous enkephalin: the probability that all the 27 recorded MSNs belonged to only one of the two subpopulations is extremely low: ( 1 ⁄2) 27 ϭ 0.000000745%. As mentioned above, the long duration of these experiments prevented us from carrying out post hoc immunohistochemical procedures on biocytin-filled MSNs. However, the notion that postsynaptic MSNs belonged to a mixed population is further supported by the observation that the half-width and the time-to-peak of the evoked EPSPs had a narrower distribution, and a smaller average value, in presynaptic than in postsynaptic MSNs. Evoked corticostriatal responses are shorter and peak earlier in striatopallidal than striatonigral MSNs (Flores-Barrera et al., 2010) . Thus, it seems most likely that in our paired recoding experiments the presynaptic cells were exclusively striatopallidal MSNs, while the postsynaptic cells were a mixture of striatopallidal and striatonigral MSNs. These re- In each pair, the presynaptic MSN was defined as one whose spikes that depressed the response of the other MSN. In these two experiments only interactions in one direction were present. In the first case (top), the EPSP time-to-peak and half-width were larger in the postsynaptic MSN. In the second case (bottom), similar values were observed in the two MSNs. B, Box plots for evoked EPSP half-width and time-to-peak in presynaptic and postsynaptic MSNs in 31 paired recording experiments in which monodirectional interactions were present. Both half-width and time-to-peak were significantly different in presynaptic and postsynaptic MSNs (p ϭ 0.002 in both cases). In box plots, the central line represents the median, the edges of the box represents the interquartile range, and the 'whisker lines' show the extent of the overall distribution. C, For each experiment, data points representing average EPSP half-width (top) and EPSP time to peak (bottom) for presynaptic and postsynaptic MSNs are connected by a line. D, The distribution of evoked EPSP half-width (top) and time-to-peak (bottom) in presynaptic and postsynaptic MSNs in the experiments used for B and C.
sults are consistent with previous anatomical and physiological studies showing that GABAergic interactions between MSNs are not segregated in terms of the two neuronal subpopulations (Yung et al., 1996; Taverna et al., 2008) . What was the probability of connection between a certain striatopallidal cell and a nearby MSN? Assuming equal probability of connection to a postsynaptic striatopallidal or striatonigral MSN, and an equal density for the MSNs of the two populations, it is expected that approximately one quarter of all recorded pairs were formed by two striatonigral MSNs (no interactions), one quarter by two striatopallidal MSNs (interactions possible in both directions) and half by a striatopallidal and a striatonigral MSN (interactions possible in one direction). Interactions were found in 54% of pairs, and 8.9% of pairs were reciprocally connected; using simple probability calculations, one gets an estimate of 65% for the probability that a certain striatopallidal MSN connects to generic MSN located within 100 m.
The strength of opioid-mediated presynaptic connections was also revealed by paired recording experiments: a brief burst of five spikes in a single MSN depressed the corticostriatal responses of a neighboring MSN by up to 30%, the average inhibition being ϳ17%. These are substantial effects that are expected to affect the firing pattern of MSNs dramatically, especially as these neurons are not spontaneously active and rely entirely on glutamatergic inputs for their activation (Nisenbaum et al., 1994) . We also obtained quantitative information about the time course of the opioidergic interactions; combining results from single and paired recordings we can conclude that, following a brief burst of spikes, inhibition of corticostriatal responses was absent at 250 ms, peaked at ϳ500 ms and then decayed in an approximately exponential manner, being over at 2-3 s (Fig. 11) .
The present results complement our recent finding that substance P-expressing MSNs facilitate the cortical inputs to other MSN by activating presynaptic NK1 (substance P) receptors . Collectively, these results cast light on the poorly understood function of the neuropeptides expressed by MSNs. The picture emerging for the local network of MSN axon collaterals is one where fast, direct inhibitory interactions between MSNs are mediated by postsynaptic GABA contacts, while slower interactions, either facilitatory or inhibitory in nature, are mediated by substance P or enkephalin, respectively. Opioidmediated inhibition of corticostriatal inputs was found to be slightly slower and more prominent (in terms of connectivity and magnitude of the effects) than substance P-mediated facilitation. The approximate time course of these three forms of communication, as demonstrated by present and past experiments, is illustrated in Figure 11 .
The original discovery that MSNs form reciprocal GABAergic synapses led to the idea that striatal networks are governed by competitive dynamics and that such dynamics may underlie vital processes such as recognition of cortical patterns and action selection (Redgrave et al., 1999; Wilson, 2000; Tunstall et al., 2002) . However, different opinions exist about the ability of the relatively weak GABAergic connections between MSNs to enforce such dynamics (Wickens et al., 2007a; Wilson, 2007) . The present results indicate that slower but vigorous competitive dynamics may be imposed on the striatal circuits by opioidergic inhibition of MSN cortical inputs by other MSNs. This feature coexists with the cooperative dynamics created by substance P-mediated facilitation of glutamate release . It is important that the quantitative data emerging from these experiments are incorporated into the computational models of striatal microcircuitry alongside the other known neuronal interactions, as this may reveal new emerging network properties that may cast light on striatal operation.
Further studies will be required to characterize in greater detail what determines the presence of GABAergic and peptidergic connections between MSNs as a function of their position in the striatal mosaic and the nature of their synaptic inputs and outputs. The resulting picture will then have to be integrated with the interactions mediated by the different types of striatal interneurons (Pisani et al., 2007; Tepper et al., 2010) .
Exposure to opioids increases the threshold for pain; furthermore, patients with lesions of the striatum have decreased pain sensitivity (Starr et al., 2011) . It has been proposed that striatal dynamics are crucial for attention (Cools, 2011) ; thus, it is tempting to speculate that the competitive dynamics created by opioid-mediated inhibition between MSNs play a role in pain processing, possibly by allowing painful stimuli to access attentional resources. The present results have also potential implications for drug addiction. The presynaptic MORs activated by MSNs will also be activated by exogenous opiates in heroin-or morphine-addicted subjects. While the dorsal striatum is not crucially involved in the acute rewarding effects of these drugs of abuse, its role in the formation of aberrant memories and compulsive habits in drug-addicted subjects is increasingly recognized (Everitt et al., 2008) . Overstimulation of presynaptic MORs in the striatum of opioid-addicted subjects is expected to cause homeostatic changes in the density and/or efficacy of these receptors. This may in turn impair normal competitive dynamics between MSNs and disrupt striatal information processing and corticostriatal long-term plasticity (Di Filippo et al., 2009; Surmeier et al., 2009) , resulting in the storage of anomalous procedural and contextual memories. Based on present results as well as on previously published material, we have drawn the approximate time course of the interactions mediated by GABA A , NK1 and -opioid receptors after a brief burst of spikes in a presynaptic MSN. This presynaptic MSN is supposed to be either a striatopallidal (for MOR-mediated interactions) or a striatonigral cell (for NK1 receptormediated interactions).
